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Background:m157 is a cytomegalovirus immunoevasin that binds Ly49 natural killer cell receptors.
Results: Kinetic and thermodynamic analyses revealed the mechanism underlying the Ly49/m157 interaction.
Conclusion: The binding mechanism is characterized by positive cooperativity and conformational selection.
Significance: This mechanism provides a biophysical framework for interpreting crystal structures of Ly49 receptors.
Natural killer (NK) cells discriminate between healthy and
virally infected or transformed cells using diverse surface recep-
tors that are both activating and inhibitory. Among them, the
homodimeric Ly49 NK receptors, which can adopt two distinct
conformations (backfolded and extended), are of particular
importance for detecting cells infected withmouse cytomegalo-
virus (CMV) via recognition of the viral immunoevasin m157.
The interaction of m157 with activating (Ly49H) and inhibitory
(Ly49I) receptors governs the spread ofmouseCMV.Wecarried
out kinetic and thermodynamic experiments to elucidate the
Ly49/m157 binding mechanism. Combining surface plasmon
resonance, fluorescence anisotropy, and circular dichroism
(CD), we determined that the best model to describe both the
Ly49H/m157 and Ly49I/m157 interactions is a conformational
selection mechanism where only the extended conformation of
Ly49 (Ly49*) is able to bind the first m157 ligand followed by
binding of the Ly49*/m157 complex to the second m157. The
interaction is characterized by strong positive cooperativity
such that the second m157 binds the Ly49 homodimer with a
1000-fold higher sequential constant than the first m157 (108
versus105 M1). Using far-UV CD, we obtained evidence for a
conformational change in Ly49 upon binding m157 that could
explain the positive cooperativity. The rate-limiting step of the
overall mechanism is a conformational transition in Ly49 from
its backfolded to extended form. The global thermodynamic
parameters from the initial state (backfolded Ly49 andm157) to
the final state (Ly49*/(m157)2) are characterized by an unfavor-
able enthalpy that is compensated by a favorable entropy, mak-
ing the interaction spontaneous.
Natural killer (NK)2 cells are essential components of the
innate immune response against viral infections and tumors
(1–3). The cytolytic activity of NK cells is regulated by a
dynamic interplay between activating and inhibitory signals
transmitted by distinct classes of receptors on their surface.
The dominant signal received by NK cells is inhibitory and is
provided by the interaction of its receptors with normal levels
of major histocompatibility complex class I (MHC-I) mole-
cules. If the level of MHC-I is reduced through tumorigenic or
infectious processes, then this inhibitory signal is attenuated,
and theNKcell is activated. As a consequence, cells with abnor-
malMHC-I expression become targets for lytic NK cell activity
(1–3). NK cells participate in the clearance of many different
viruses, and their contribution is indispensable for resisting
infections by the Herpesviridae family, including cytomegalo-
virus (4).
Several receptor families have been identified on primate and
rodent NK cells that monitor MHC-I expression on surround-
ing cells. These include the killer immunoglobulin-like recep-
tors in primates and the Ly49 family in rodents (1–3). The
mouse Ly49 family comprises at least 23 expressed or potential
members (Ly49A–W). Although most Ly49s inhibit NK cell-
mediated cytolysis after binding to MHC-I ligands, some are
activating. In addition, crucial roles for Ly49 receptors in anti-
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viral immunity have been discovered. In one case, the m157
gene product of mouse cytomegalovirus (MCMV) was shown
to interact directly with an inhibitory Ly49 (Ly49I) in a suscep-
tible mouse strain (129/J) and with an activating Ly49 (Ly49H)
in a resistant strain (C57BL/6) (5–7). These interactions affect
the transmission of the virus and ultimately its evolutionary
survival (4). In another case, the activating receptor Ly49P in
MA/MyJ mice was found to confer resistance to MCMV by
interacting with H-2D molecules that were modified by the
MCMVproteinm04 (8–11).MCMVsharesmany featureswith
its human counterpart, and both viruses have developed varied
and analogous immunoevasion mechanisms that involve NK
cells (12). As a result, MCMV infection has become an estab-
lishedmodel to study NK cells functions, particularly the inter-
action of its receptors with endogenous or non-self molecules
involved in viral immune control (13).
Ly49 receptors belong to the C-type lectin-like family of pro-
teins. Ly49s are disulfide-linked homodimeric type II glycopro-
teins with each chain composed of a C-type lectin-like domain,
which is termed the natural killer receptor domain (NKD), con-
nected by a helical stalk of70 residues to the transmembrane
and cytoplasmic domains (14, 15). Activating and inhibitory
receptors differ with regard to their cytoplasmic domains. Con-
siderable structural information is available for Ly49 receptors
in MHC-bound and unbound forms. Crystal structures have
been reported for Ly49ANKD in complex with H-2Dd (16, 17),
Ly49C NKD bound to H-2Kb (18, 19), Ly49C NKD (19), Ly49I
NKD (20), Ly49G2 NKD (19), Ly49L NKD (21), and Ly49L
NKDwith the stalk region (21). Collectively, these studies have
shown that Ly49 receptors can adopt two distinct conforma-
tions: 1) a backfolded conformation in which the NKDs of the
Ly49 dimer are backfolded onto the helical stalk region (Fig. 1A)
and 2) an extended conformation in which the NKDs extend
away from the stalk (Fig. 1B). These two conformations medi-
ate MHC-I recognition in trans and cis (21). The backfolded
conformation enables Ly49 to engage two MHC-I molecules
in trans (Ly49 on the NK cell and MHC-I on a juxtaposed
target cell) (Fig. 1C). By contrast, the extended conformation
allows Ly49 to bind one MHC-I molecule in cis (Ly49 and
MHC-I on the same NK cell) (Fig. 1D). Moreover, Ly49
receptors appear able to switch between backfolded and
extended conformations (21).
Recently, the structure of Ly49H bound to the MCMV
immunoevasin m157 was reported (22). This MHC-I mimic is
expressed on the surface of MCMV-infected cells and adopts
an MHC-I fold, although it does not bind peptides or asso-
ciate with 2-microglobulin (23). Surprisingly, m157 binds
to the stalk region of Ly49H rather than the NKDs, which
recognizeMHC-I (Fig. 1E). In the complex, twom157mono-
mers engage the Ly49H dimer such that helical stalks lie
diagonally across the 1/2 platform of m157. This recogni-
tion mode only appears possible with Ly49 in the extended state,
the conformation that recognizes MHC-I in cis (Fig. 1D). How-
ever, the binding mechanism underlying the Ly49/m157 interac-
tion whereby a receptor that adopts two very different conforma-
tions ultimately engages twom157 ligands is unclear.
We conducted both kinetic and thermodynamic experi-
ments to dissect the Ly49/m157 binding mechanism for the
activating Ly49H and inhibitory Ly49I receptors. Combining
surface plasmon resonance (SPR), fluorescence anisotropy, and
circular dichroism (CD) with an exhaustive statistical analysis,
we determined that the best model to describe the Ly49H/
m157 and Ly49I/m157 interactions is a conformational selec-
tion mechanism involving positive cooperativity. We further
established the rate-limiting step for this mechanism and char-
acterized the reaction coordinate in terms of free energy,
enthalpy, entropy, and heat capacity.
EXPERIMENTAL PROCEDURES
Protein Expression and Purification—The extracellular por-
tion of Ly49H from mouse strain C57BL/6 (residues 88–266)
comprising the NKD and most of the stalk region was cloned
into the NheI and BamHI sites of the expression vector pET21a
(Novagen). The protein was produced as described for Ly49L
(21). Briefly, Ly49H was expressed in Escherichia coli
BL21(DE3) as inclusion bodies; solubilized in 6 M guanidine;
and folded in vitro by dilution into 30% (v/v) glycerol, 0.4 M
arginine, 50 mM Hepes (pH 7.0), 100 mM NaCl, 3 mM reduced
glutathione, and 0.8 mM oxidized glutathione. Ly49H was puri-
fied as a disulfide-linked homodimer with sequential Superdex
200 HR andMono S columns (GE Healthcare). The extracellu-
lar portion of Ly49I frommouse strain 129/J (residues 88–269)
was prepared similarly.
FIGURE 1. Conformations adopted by Ly49 receptors and interaction with MHC-I and the cytomegalovirus immunoevasin m157. A, the backfolded
conformation of Ly49 on the NK cell membrane (bottom). The NKDs of the Ly49 homodimer (blue ovals) are backfolded onto the -helical stalk region (blue
rectangles) with interchain disulfides drawn as red bars (21). B, the extended conformation of Ly49 inwhich theNKDs extend away from the stalk. C, Ly49 in the
backfolded conformation binding in trans to two MHC-I molecules (green) exposed on the target cell membrane (top) (21). The interaction with MHC-I is
mediated by the NKDs.D, Ly49 in the extended conformation binding in cis to oneMHC-I molecule on the sameNK cell. E, Ly49 in the extended conformation
binding in trans to two m157 molecules (red) on the target cell. The interaction with m157 is mediated by the Ly49 stalk region, not the NKDs (22).
Positive Cooperativity BindingModel between Ly49 andm157
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For the production of biotinylated Ly49H and Ly49I, an
18-residue Avi tag (MASGLNDIFEAQKIEWHE) (Avidity) was
added to theN terminus of the receptors at amino acid position
88. The tagged proteins (Ly49HAvi and Ly49IAvi) were
expressed in E. coli and purified in the same way as the wild-
type proteins. Biotinylation was carried out using the enzyme
BirA according to the manufacturer’s protocol (Avidity).
The extracellular portion of the mature form of m157 (resi-
dues 1–285) was fused to a C-terminal His6 tag and a protease
3C cleavage site. It was cloned into the baculovirus transfer
vector pAcGP67B (BDBiosciences), whichwas used to produce
recombinant baculovirus after co-transfection with Baculogold
Bright AcMNPV DNA into the Sf9 insect cells. To produce
m157, Sf9 cells cultured in Sf900 II medium (Invitrogen) were
infected with the recombinant virus at a multiplicity of infec-
tion of 2 and incubated for 72 h at 27 °C. The secreted protein
was purified from supernatants with Ni2nitrilotriacetic acid
beads (GE Healthcare). m157 was eluted with 0.1 M Tris-HCl
(pH 8.0), 0.5 M NaCl, and 0.5 M imidazole. Yields of affinity-
purified m157 were typically10 mg/liter of culture.
Far-UV Circular Dichroism—Far-UV spectra (190–250 nm)
were recorded at 25 °C using 0.1-cm quartz cuvettes with a
Jasco J-810 spectropolarimeter calibratedwithd-10-camforsul-
fonic acid. The scan speed was 20 nm/min with a time constant
of 1 s. An average over three scans was recorded to enhance the
signal to noise ratio, and buffer spectra were subtracted from all
measurements.
The molar ellipticity ([]M in units of degrees cm2 dmol1)
was calculated with the following formula (24): []M 100/lc
where  is the ellipticity in degrees obtained from the experi-
mental spectra, l is the optical length pathway in cm, and c is
equal to the molar protein concentration multiplied by the
number of residues per molecule of protein.
Protein concentrations were 2 M for Ly49H or Ly49I and 2
or 4 M for m157 in 50 mM phosphate buffer (pH 7.4) and 150
mM NaCl. To study conformational changes in Ly49s, the
receptors were incubated for 3 min at room temperature with
the m157 ligand at molar ratios of Ly49 to m157 of 1:1 and 1:2
prior to data collection. These results were overlapped with the
algebraic sum of the Ly49-unbound spectrum and the m157-
unbound spectrum. To calculate molar ellipticity, data were
normalized by the mean weight of an amino acid in each mix-
ture. Data analysis was carried out using GraphPad Prism soft-
ware and Microsoft Excel.
SPR Binding Assays—The interaction of Ly49Avi receptors
with m157 was measured by SPR. All binding assays were per-
formed at 5, 10, 15, 25, and 30 °C using a BIAcore T100 biosen-
sor in a running buffer containing 10mM phosphate buffer (pH
7.4) and 150 mM NaCl. Biotin-tagged Ly49HAvi or Ly49IAvi
was directionally coupled to a CM5 chip onto which streptavi-
din had been previously immobilized via primary amine groups
with an Amine Coupling kit (BIAcore). One hundred or 200
response units (RU) of each Ly49Avi receptor were immobi-
lized on the chip. To conduct equilibrium binding and kinetic
measurements, m157 was injected over two flow cells; the first
was a streptavidin reference cell, and the second onewas coated
with Ly49HAvi or Ly49IAvi. The concentration range used for
m157was 0–12M. The extent of bindingwas calculated as the
difference between the RU of the Ly49 cell and the RU of the
control cell (26).
For equilibrium analyses, response levels at the maximum
RU value for each concentration of ligand were plotted against
m157 concentration, and the data points were fitted to the Hill
equation (27). For kinetic analyses, association and dissociation
data were fitted using expressions comprising summations of
exponential functions (28). A Levenberg-Marquard algorithm
(29) was used for the nonlinear least square fitting. A lineariza-
tion method (30) was used as a first approach to interpret the
interaction mechanism of the Ly49H/m157 and Ly49I/m157
couples.
Different kinetic models were assayed to interpret interac-
tion data. All sensorgrams for the Ly49H/m157 interaction
were obtained using two densities of immobilized Ly49H at
different temperatureswith varied flow rates and contact times.
They were analyzed together and fitted globally as described by
Morton et al. (30) and Myszka et al. (31) according to the dif-
ferential equations for each proposed model using numerical
integration with the software BIAevaluation 4.1 (BIAcore) and
the Levenberg-Marquard algorithm (29). For numerical inte-
gration, a fifth-order Runge-Kutta-Fehlberg method was
applied (29). We proceeded analogously with the Ly49I/m157
interaction. For thermodynamic analyses, kinetic rate con-
stants obtained using model D (see “Results”) were plotted
against the inverse of temperature to construct Eyring graphs
according to the classical transition state theory of absolute
reaction rates (32).
Fluorescence Anisotropy Binding Assays—Ly49 receptors
were labeled with fluorescein isothiocyanate (FITC) isomer I
(Sigma-Aldrich). Briefly, 1 mg/ml purified Ly49H or Ly49I was
dialyzed against 50 mM sodium carbonate (pH 9.5) and then
incubated in a dialysis microchamber with 50 mM sodium car-
bonate (pH 9.5), 150 mMNaCl, and 1 mg/ml FITC for 2 days at
4 °C. The residual labeling reagents were eliminated by dialyz-
ing the labeled protein against 10 mM phosphates (pH 7.4) and
150 mM NaCl.
Ly49-FITC (1 M) was titrated with different concentrations
of m157 (0–4 M), and fluorescence anisotropy was measured
in a Jasco FP-6500 spectrofluorometer at 25 °C when the inter-
action had reached equilibrium after 3-min equilibration in
darkness at room temperature. The sample was excited with a
polarized beam (ex 495 nm), and the emissionwasmeasured
(em 520 nm) at 90° with respect to the excitation source (25).
Anisotropy was measured 15 times at each titration point,
and the mean and S.D. values were calculated. A plot of anisot-
ropy versusm157 concentration was constructed. An equation
that links anisotropy (r) with total m157 concentration was fit-
ted to the experimental data. Nonlinear least square data fitting
was performed using Mathematica 9 software (Wolfram
Research) utilizing the Levenberg-Marquard algorithm (29).
To determinate the stoichiometry of the Ly49I/m157 pair,
two different titrations at different Ly49I concentrations (1 and
2.6 M) were analyzed. The binding isotherm was deduced
from these data, and a plot of the normalized signalQ, which is
defined asQ (r rmin)/rmin where r is the anisotropy at each
m157 concentration evaluated and rmin is the anisotropy of free
Positive Cooperativity BindingModel between Ly49 andm157
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Ly49, versus the density of bound ligand indicated the stoichi-
ometry (33–35).
RESULTS
Recombinant Protein Expression—The extracellular portions
of Ly49H and Ly49I (residues 88–266 and 88–269, respec-
tively) were recovered as disulfide-linked homodimers after in
vitro folding from bacterial inclusion bodies as we described
previously for Ly49L (21). The recombinant proteins comprise
the entire NKD andmost of the stalk domain, including Cys100,
which in the crystal structure of Ly49L (21) links two Ly49
monomers via a disulfide bond (Cys100-Cys100) between stalk
regions. We produced soluble m157 (residues 1–285) by secre-
tion from baculovirus-infected Sf9 insect cells.
Equilibrium SPR Analysis—As a first attempt to study the
interaction between Ly49 receptors and m157, we conducted
SPR experiments on the Ly49H/m157 and Ly49I/m157 pairs
under equilibrium binding conditions. Ly49H and Ly49I were
site-specifically biotinylated at theirN termini anddirectionally
coupled to a biosensor surface precoatedwith streptavidin. Dif-
ferent concentrations of m157 (0–12 M) were injected over
the immobilized Ly49s, and sensorgrams were recorded. This
experiment was carried out at temperatures ranging between 5
and 30 °C. Fig. 2 shows plots of the maximum response in RU
obtained for each m157 concentration for Ly49H and Ly49I at
25 °C. In both cases, a clear sigmoidal tendency of the experi-
mental points was observed. Considering that the Ly49
homodimer has two possible binding sites for m157 (22), these
results suggest cooperative binding.
We analyzed these plots using theHill equation (supplemen-
tal information). Fitting of this equation to the experimental
points yields an nH coefficient of 1.7 0.1 for the Ly49H/m157
pair and 1.9  0.2 for the Ly49I/m157 pair. Because nH is 1,
this result is indicative of positive cooperativity for both bind-
ing pairs.
Fluorescence Anisotropy Equilibrium Analysis—To further
characterize Ly49/m157 interactions, we performed fluores-
cence anisotropy assays under equilibrium binding conditions.
Ly49s were labeled with FITC and incubated with different
m157 concentrations. Fig. 3 shows fluorescence anisotropy as a
function of m157 concentration. Ly49H-FITC (1 M) and
Ly49I-FITC (1 and 2.6 M) were titrated with m157, and the
fluorescence anisotropywasmeasured after the interaction had
reached equilibrium. It was possible to establish a model that
accounts for the experimental data and calculate affinity con-
stants for each m157 binding site of the Ly49 homodimer (33,
34). Reaction schemes and equations are provided in the sup-
plemental information.
The estimated global constants KG1 and KG2, the sequential
macroscopic constants Ks1 and Ks2, and the microscopic con-
stants k and k for each binding site of Ly49H and Ly49I
are presented in Table 1. The binding of the first m157 to the
Ly49H homodimer has a Ks1 of (5  3) 	 105 M1,
and the binding of the second m157 has a Ks2 of (3 2)	 108
M1. The constants obtained in the case of Ly49I are similar: (5
4)	 105 M1 for binding of the first m157 and (2 1)	 108 M1
forbindingof the secondm157.Forbothreceptor-ligandpairs, the
second Ly49 site binds m157 with a 1000-fold higher sequential
macroscopic constant than the first Ly49 site. The microscopic
constants differ by 3 orders of magnitude with k  k.This anal-
ysis clearly indicates positive cooperativity between the two Ly49
monomers in binding m157 (33–35). The energy associated with
cooperativity can be calculated as reported by Cantor and Schim-
mel (34). Site/site interactions stabilize the secondm157molecule
strongly by4–5 kcal/mol over the first m157molecule.
Determination of the Ly49I/m157 Stoichiometry—To use
Reaction Scheme 1 for fluorescence anisotropy data analysis,
we must know the stoichiometry of the interaction between
Ly49s and m157. The stoichiometry of the Ly49H/m157 inter-
action was determined previously by analytical ultracentrifuga-
tion: one Ly49H dimer binds two m157 molecules (22). How-
ever, the Ly49I/m157 stoichiometry was not determined. Here,
we performed an analysis of the fluorescence anisotropy data
using two Ly49I-FITC concentrations, giving a plot of the nor-
malized signal Q as a function of the bound ligand density (v)
(Fig. 4). A detailed description of this analysis is provided in the
supplemental information. The maximum response Q was
FIGURE 2. SPR equilibrium analysis. Plots of the maximum response (R) in
RU obtained at each m157 total concentration assayed by injection over
immobilized 100 RU Ly49H (A) and Ly49I (B) at 25 °C. The curves describe
the fitting to the Hill equation. The nH coefficient obtained for the Ly49H/
m157 pair is 1.7 0.1 and for the Ly49I/m157 pair is 1.9 0.2. Residual errors
are indicated below each panel.
Positive Cooperativity BindingModel between Ly49 andm157
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reached when the density of bound ligand approached 2, indi-
cating a stoichiometry of two m157 molecules per Ly49I dimer
(Fig. 4).
Far-UV CD Equilibrium Analysis Suggests Conformational
Change upon Binding—A possible explanation for the increased
affinity at the second site is a conformational change in Ly49 that
improves the binding of the second m157 ligand. To test this
hypothesis, we conducted far-UV CD experiments with Ly49
and m157. Fig. 5 shows the far-UV CD spectra of Ly49H and
Ly49I alone and those obtained after incubation of Ly49 and
m157 at differentmolar ratios comparedwith the algebraic sum
of the Ly49 and m157 spectra. Co-incubation of both proteins
produces a lower signal intensity (molar ellipticity, []) than
that resulting from the algebraic addition of both separate spec-
tra, strongly suggesting that a conformational change occurs
upon binding. This would lend structural support to the differ-
ences observed in the sequential macroscopic binding con-
stants (positive cooperativity).
Kinetic SPR Analysis—After demonstrating positive cooper-
ativity for the interaction of Ly49H and Ly49I with m157 and
obtaining evidence for a conformational change upon binding,
we next sought to elucidate the underlying binding mechanism
by measuring the kinetics of the phenomenon and analyzing
data according toMorton et al. (30).We performed several SPR
experiments as described above at different temperatures at
two different densities of Ly49 immobilized on streptavidin-
coatedCM5chips using different flow rates and varying contact
times. These variations were designed to rule out mass trans-
port effects and rebinding during the dissociation phase (36)
and to make the selection of a binding model more robust (26).
As a first approach to elucidate the molecular mechanism of
interaction, we fitted the association and dissociation data from
the sensorgrams to a sum of exponential functions (28) utilizing
the Levenberg-Marquard algorithm (29). Fig. 6,A andB, show the
association anddissociationSPRdata, respectively, for theLy49H/
m157 and Ly49I/m157 pairs at 25 °C fitted with two-exponential
functions. The residual errors are also shown and are randomly
distributed. A single exponential function does not fit the experi-
mental data well, and the 2 values are not further improved by
using a three-exponential equation (data not shown).
In Fig. 6C, we plotted the first derivative of the response as a
function of the response for the Ly49H/m157 and Ly49I/m157
association data. This function should give a straight line if the
interaction is a simple 1:1 binding. This is not the case for any of
the pairs dealt with in this study, and the plots describe a bipha-
sic behavior.
In Fig. 6D, a linearization of the dissociation data is shown.
Again, this function should yield a straight line if the interaction
FIGURE 3. Equilibrium fluorescence anisotropy (r) as a function ofm157 concentration. 1M Ly49H-FITC (A), 1M Ly49I-FITC (B), and 2.6M Ly49I-FITC (C)
were titrated at 25 °C with m157, and fluorescence anisotropy was measured after the interaction had reached equilibrium. The curves describe the fitting to
an equation that links the anisotropy (r) to the total m157 molar concentration. The constants (KG1, KG2, Ks1, Ks2, k, and k) are shown in Table 1. Error bars
represent S.D.
TABLE 1
Ly49H/m157 and Ly49I/m157 binding constants estimated with the fluorescence anisotropy assay mathematical fitting
KG1 and KG2, global macroscopic constants; Ks1 and Ks2, sequential macroscopic constants; k and k, microscopic constants.
KG1 105 KG2 1013 Ks1 105 Ks2 108 k 105 k 108
M1 M2 M1 M1 M1 M1
Ly49H/m157 5 3 12 8 5 3 3 2 11 6 1 1
Ly49I/m157 5 4 5 4 5 4 2 1 9 8 0.6 0.9
FIGURE 4. Plot of the normalized fluorescence anisotropy signal Q as a
function of the bound ligand density (v). An analysis of the fluorescence
anisotropy data using two Ly49I-FITC concentrations (1 and 2.6 M) allowed
us to calculateQ and v. The dotted line indicates that the stoichiometry of the
Ly49I/m157 interaction is 1:2, the point where the response Q reaches its
maximum value.
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is a simple 1:1 binding, but instead, it renders a biphasic curve.
These graphs (Fig. 6,C andD) clearly support a biphasic behav-
ior for the interaction phenomenon in agreement with the
number of exponential functions fitted in Fig. 6, A and B. This
observation indicates that the binding mechanism involves at
least two separate steps.
Fig. 7 shows the kobs obtained after fitting a two-exponential
function (Equation 11 in the supplemental information) (28) to
the association data from the sensorgrams. In Fig. 7A, we dis-
play the kobs versus m157 concentration corresponding to the
slow exponential (kobs1) function component of Equation 11 for
the Ly49H/m157 and Ly49I/m157 pairs. This inverse hyper-
bolic dependence points to a conformational selection mecha-
nism (37–40) where only one of the conformations of the
receptor is capable of binding the ligand, and as such, this con-
formation is selected over the other (Reaction Scheme 1).
Ly49L|;
K1
k1
Ly49*m157L|;
k2
Ly49*/m157
REACTION SCHEME 1
In Fig. 7B, plots of kobs2 versusm157 concentration correspond to
the fast exponential function component of Equation 11 for the
two interactions of the couples studied. The linear distribution of
the points indicates a simple 1:1 interaction (39, 40) of the Ly49*/
m157 complex with a secondm157 ligand (Reaction Scheme 2).
Ly49*/m157 m157L|;
k2
k2
Ly49*/
m1572
REACTION SCHEME 2
Taking into account our results so far and the available struc-
tural information (15, 16, 18, 19, 21–23), we considered differ-
ent models that could potentially describe the binding mecha-
nism involving at least two steps (Fig. 8). For the sake of
completeness, we also show in Fig. 8 the classical 1:1 Langmuir
model (model A).We considered the following assumptions for
generating the models that were tested to describe the interac-
tions. 1) The stoichiometry is Ly49:m157 1:2 (one Ly49 dimer
binds two m157 ligands) based on the structure of the Ly49H/
m157 complex and analytical ultracentrifugation assays (22) as
well as on our fluorescence anisotropy analysis of the Ly49I/
m157 interaction. 2) Ly49 receptors can switch between back-
folded (Ly49) and extended (Ly49*) conformations as demon-
strated by x-ray crystallographic, flow cytometric, and FRET
studies of Ly49 binding to MHC class I ligands (21, 41). 3) Pos-
itive cooperativity exists between the two protomers of Ly49 in
agreement with the binding constants measured here by fluo-
rescence anisotropy and the conformational change observed
in our far-UV CD experiments. 4) m157 can only bind Ly49
when the latter is in the extended conformation in accordance
with the structure of the Ly49H/m157 complex (22). This
implies that the species Ly49/m157 (m157 bound to backfolded
Ly49 protomer 1) and m157/Ly49 (m157 bound to backfolded
Ly49 protomer 2) should not be considered. 5) The microspe-
cies Ly49*/m157 (m157 bound to protomer 1) andm157/Ly49*
(m157 bound to protomer 2) are equivalent. The union of the
first m157 to one of the protomers is identical in nature to the
union to the other protomer. This was assumed because Ly49s
are symmetrical homodimers (19). 6) The conformational
change between the backfolded and extended forms is con-
certed; that is, the two protomers are always found in the same
conformation, either backfolded or extended. Mixed species of
onemonomer in a backfolded conformation and the other in an
extended conformation do not exist. This assumption is based
on crystal structures of Ly49s with stalk regions (21, 22) where
the two protomers adopt the same conformation.
To decide which of the models displayed in Fig. 8 is the most
appropriate for our experimental data, we applied several sta-
tistical criteria, including 2 (2/n), modified Akaike criterion
(model selection criterion), Bayesian selection criterion (Bayes-
ian information criterion), and Hannan-Quinn information
criterion to the available kinetic data. The equations of these
statistics are provided in the supplemental information.
All the sensorgrams for the Ly49H/m157 couple at different
temperatures with varied flow rates and contact times and dif-
ferent densities of immobilized Ly49 were analyzed together
and fitted globally as described by Morton et al. (30) and
FIGURE 5. Far-UV CD spectra of Ly49H and Ly49I in combination with
m157. Ly49H (A) and Ly49I (B) preincubated with m157 at molar ratios of 1:1
(solid green lines) and 1:2 (solid red lines) and the algebraic sum of spectra of
Ly49 and one m157 molecule (dashed green lines) or of spectra of Ly49 and
twom157molecules (dashed red lines) are shown. Thedifferencebetween the
preincubated spectra and the algebraic sum spectra indicates a conforma-
tional change upon m157 binding. deg, degrees.
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Myszka et al. (31) according to the differential equations
derived for each proposed model by using numerical integra-
tion with the software BIAevaluation 4.1 and the Levenberg-
Marquard algorithm (29). For numerical integration, a fifth-
order Runge-Kutta-Fehlberg method was applied (29). We
proceeded analogously with the Ly49I/m157 couple. The sta-
tistical values calculated are displayed in supplemental Tables
S1 and S2 for the Ly49H/m157 and Ly49I/m157 pairs, respec-
tively. According to these criteria, model D appears to be the
best for both couples. To elucidate whether there are equally
valid models to describe the interaction, we applied the Zwan-
zig selection criterion between two different models u and v
(the equations are provided in the supplemental information).
Using the latter, we compared all the models with model D.
The values obtained for the Zwanzig criterion are presented
in supplemental Tables S1 and S2, and they show thatmodels C
and D appear equally plausible to describe the binding mecha-
nism of both Ly49H/m157 and Ly49I/m157 couples. Indeed, it
seems thatmodel C explains the Ly49I/m157 interaction better
than model D. Model D describes a conformational selection
mechanism whereby Ly49 coexists in two different conforma-
tions (backfolded (Ly49) and extended (Ly49*)), and m157 is
only capable of binding when Ly49 is in the extended confor-
mation. The conformational change implies the slowest rate-
limiting step, and the two unbound species (Ly49 and Ly49*)
coexist in rapid pre-equilibrium (ka2  kd1). The mechanism
next involves the binding of a second m157 ligand to the
extended conformation of Ly49with no further conformational
FIGURE 6. Analysis of SPR kinetic data at 25 °C. A and B show the association and dissociation SPR data for the Ly49H/m157 and Ly49I/m157 pairs,
respectively, fitted with two-exponential functions. The residual errors appear randomly distributed and are shown below each panel. C, first derivative of the
response (R) as a function of the response for the association data for the Ly49H/m157 (left panel) and Ly49I/m157 pairs (right panel). D, semilog plots of the
response versus time for the dissociation data for the two couples analyzed. These plots (C and D) describe biphasic curves and indicate at least a two-step
mechanism. This is in agreement with the fitting of two-exponential functions (A and B).
Positive Cooperativity BindingModel between Ly49 andm157
FEBRUARY 21, 2014•VOLUME 289•NUMBER 8 JOURNAL OF BIOLOGICAL CHEMISTRY 5089
 at U
N
IV
 O
F M
A
RY
LA
N
D
 on February 26, 2014
http://w
w
w
.jbc.org/
D
ow
nloaded from
 
change evident. The binding of the firstm157 ligand is in agree-
ment with the behavior observed for kobs1 as a function ofm157
concentration (Fig. 7A) that is typical of a conformational selec-
tion model as described earlier; and the kobs2 versusm157 con-
centration graph of Fig. 7B is also consistent with the binding of
the second m157 ligand to the extended form of Ly49 with no
subsequent conformational change. Model D is also compliant
with the available structural data (22).
Model C describes, in the first equilibrium, a condensed step
that summarizes the first two stages of model D: the conforma-
tional change between Ly49 and Ly49* and the subsequent
binding of the firstm157. The second equilibrium is the same as
inmodel D. However, model C implies that the conformational
change occurs only as a consequence of the first binding event
(i.e. it ignores the pre-existence of forms Ly49 and Ly49* prior
to binding). In addition, model D is in agreement with Figs. 6
and 7. Consequently, we consider that model D is the most
appropriate to describe both the Ly49H/m157 and Ly49I/m157
binding mechanisms.
Fig. 9 shows the sensorgrams for the Ly49H/m157 and
Ly49I/m157 pairs at temperatures of 5, 10, 15, 25, and 30 °C
with the fitted curves usingmodel D. The kinetic rate constants
(association rate ka and dissociation rate kd) and macroscopic
sequential equilibrium constants (KA1 for the conformational
change equilibrium, KA2 for the binding of the first m157, and
KA3 for the binding of the second m157) determined with SPR
data analyzed using numerical integration of the differential
equations of model D are shown in Tables 2 and 3 for both
complexes Ly49H/m157 and Ly49I/m157.
It is important to note that the macroscopic sequential con-
stantsKA2 andKA3 calculated (KA ka/kd) fromkinetic analysis
of SPR data are consistent with the constantsKs1 andKs2 deter-
mined by the fluorescence anisotropy assays. Both KA2 and Ks1
are 105 M1, and KA3 and Ks2 are 108 M1. This validates
results obtained by different methods, integrating both kinetic
and thermodynamic experiments into a consistent picture.
Thermodynamic Analysis of Ly49/m157 Interactions—To
complete our study of Ly49 binding to m157, we performed an
Eyring analysis using the kinetic rate constants obtained from
applyingmodelD to the SPRdata (42). The dependence of these
constants on temperature is plotted in Fig. 10 for the Ly49H/
m157 and Ly49I/m157 pairs. The Eyring equation was fitted to
the experimental points at the reference temperature of 25 °C
to render the thermodynamic activation parametersHo‡ (acti-
vation enthalpy), So‡ (activation entropy), and Cpo‡ (activa-
tion heat capacity) (supplemental Table S3). The Go‡ (activa-
tion free energy) was also calculated from the kinetic rate
constants.
A landscape depicting the progression of the reaction at
25 °C is shown in Fig. 11 for the free energy (Fig. 11A) together
with its deconvolution into enthalpic (Fig. 11B) and entropic
(Fig. 11C) components for Ly49H/m157 and Ly49I/m157 inter-
actions. This figure shows that the rate-limiting step in the
process can be attributed to the conformational change from
the backfolded to the extended form. An enthalpic barrier of
30 kcal/mol limits the process, which becomes spontaneous
due to an entropy increase. By contrast, the subsequent bind-
ing of two m157 ligands to the extended form of Ly49 is
characterized by small entropic barriers to form the transi-
tion state that are compensated by a favorable enthalpic
release of energy. Overall, the global thermodynamic param-
eters from the initial state (free forms of backfolded Ly49 and
m157) to the final state (Ly49*/(m157)2 complex) are char-
acterized by an enthalpy increase in the system (endother-
mic reaction) that is compensated by an entropy increase,
making the interaction spontaneous.
DISCUSSION
In this work, we exhaustively characterized the interaction of
Ly49H and Ly49I with the immunoevasin m157 from MCMV.
We determined the constants that govern m157 binding to the
first and the second protomer of Ly49 and demonstrated that
ligand engagement involves positive cooperativity. We arrived at
this conclusion by performing complementary kinetic and ther-
modynamic experiments. Finally, we determined the model that
best describes the binding mechanism and conducted a thermo-
dynamic analysis to define the energy landscape of the Ly49/m157
interaction.
The sequential macroscopic constants Ks1 and Ks2 measured
by fluorescence anisotropy and the equilibrium constants KA2
and KA3 derived from SPR data differ from values reported in
previous studies (22, 23).Ks1 andKA2 correspond to the binding
of the first m157 ligand to the Ly49 protomer and are in the
105 M1 range. On the other hand,Ks2 andKA3 correspond to
the binding of the second m157 ligand to the other Ly49
protomer and fall in the108M1 range. The binding constants
determined by Adams et al. (23) using SPR were KD 166 nM
(KA 6	 106 M1) for Ly49I/m157 interaction andKD 1M
(KA 1	 106 M1) for Ly49H/m157 interaction. The KDmea-
sured by Berry et al. (22) for the Ly49H/m157 couple using SPR
was KD 81.0 M (KA 1.23	 104 M1). The differences can
be explained by the following factors. 1) m157 used by Berry et
FIGURE 7. Analysis of SPR association kinetic data at 25 °C. kobs was
obtained after the fitting of a two-exponential function to the association
data from the sensorgrams versus m157 concentration. A, kobs1 versus m157
concentration corresponding to the slow exponential function component
for the Ly49H/m157andLy49I/m157couples. Thesedistributions correspond
to a conformational selectionmechanism. B, kobs2 versusm157 concentration
corresponding to the fast exponential function component for the two inter-
actions studied. The linear dependence of the points indicates a simple 1:1
interaction of the Ly49*/m157 complex with a second m157 ligand.
Positive Cooperativity BindingModel between Ly49 andm157
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al. (22) is derived from the G1F strain of MCMV instead of the
Smith strain for the m157 used by Adams et al. (23) and in this
study. These m157 molecules differ in several amino acids
located at the interface with Ly49 (22). 2) The amounts of Ly49
immobilized on biosensor surfaces in the previous studies
(500RUbyBerry et al. (22) and600RUbyAdams et al. (23))
are 5–6 times higher than the amounts immobilized in our
study (100RU).High surface densities amplifymass transport
effects, thereby altering the binding kinetics and blurring the
interaction mechanism (26). 3) In both previous studies, the
sensorgrams and plots derived from the SPR experiments were
only analyzed using a Langmuir 1:1 interaction model. By con-
trast, we performed statistic calculations to decide which of the
hypothesized models gave the best fit and used this model to
estimate binding constants from the SPR data. We also deter-
mined the binding constants using fluorescence anisotropy, an
independent solution technique useful for the purpose of vali-
dating SPR data. Had we fitted our sensorgrams to a simple
Langmuir 1:1 model, the resulting KA value would have been
106 M1. This value agrees with the KA value reported by
Adams et al. (23) but not with that of Berry et al. (22) possibly
because of the differentMCMVstrain sources ofm157 as noted
above. This exercise highlights the importance of a judicious
choice of the bindingmodel as a prerequisite for a correct inter-
pretation of quantitative results.
In accordance with previous evidence derived from flow
cytometric and FRET studies of Ly49A (21, 41), we detected
different Ly49 conformations by using a CD assay. Back et al.
(21) showed that the two states of Ly49A, backfolded and
extended, co-exist and mediate trans and cis interactions,
respectively, withMHC class I. In our far-UV CD experiments,
the spectra indicate that a conformational change occurs when
m157 binds to Ly49. The changes in spectral intensities may
represent a conformational equilibrium displacement from the
backfolded form, which is the predominant (or default) confor-
mation of Ly49s in the absence of ligand (21), to the extended
form, which is available to bind m157 (22).
We first attempted to understand the bindingmechanism by
fitting exponential functions to kinetic data using the lineariza-
tion method described by Morton et al. (30) as a litmus test.
This approach indicates that there are at least two successive
hemireactions and led us to propose several different mecha-
nisms that could explain the SPR data. After applying numer-
ous statistical methods, we concluded that a conformational
selection model (model D in Fig. 8) is the most appropriate for
describing the Ly49/m157 interaction. This model includes the
least number of assumptions necessary to explain the experi-
mental data (Occam’s razor criterion): the first rate-limiting
step of conformational change from the backfolded to the
extended formof Ly49 present in rapid pre-equilibrium (ka2
kd1) and two successive steps corresponding to the binding of
the first and second m157 ligands. Significant interaction
energy is associated with this two-step binding phenomenon
(4–5 kcal/mol).
FIGURE 8.Proposedmodels for the bindingmechanismbetween Ly49 andm157.Models of the Ly49H/m157 and Ly49I/m157 interactions should include
at least two steps according to the assumptions described in the text. A, backfolded Ly49; A*, extended Ly49; B, m157.
Positive Cooperativity BindingModel between Ly49 andm157
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To investigate whether this conformational selection mech-
anism might also apply to Ly49 binding to MHC-I, we con-
ducted SPR assays for the Ly49P/H-2Dk, Ly49H/H-2Dd, and
Ly49I/H-2Dd interaction pairs.3 However, we did not observe a
sigmoidal tendency in plots ofmaximumresponse versus ligand
concentration as is the case for both Ly49H/m157 and Ly49I/
m157 interactions. This finding is readily explained by the abil-
ity of MHC-I to engage Ly49 in both the backfolded (in trans)
and extended (in cis) conformations (21), whereas m157 can
only bind Ly49 in the extended conformation (22). Because
unbound Ly49 exists predominantly in the backfolded state
(21), no shift to the extended state would be necessary for
MHC-I to bind.
When the encounter of two molecules is the rate-limiting
step, the reaction is diffusion-controlled, and when formation
of the transition state is rate-limiting, the reaction is controlled
by the height of the activation energy barrier (43). The ka2 and
ka3 values for the interactions studied here (ka2 103 M1 s1
and ka3 105 M1 s1) are 3–6 orders ofmagnitude lower than
typical ka maximum values for diffusion-controlled mecha-
nisms involving the collision of two uncharged and uniformly
reactive spheres (3	 109 M1 s1) as defined by De La Cruz
and Pollard (44). In addition, the Ho‡ values we obtained for
Ly49/m157 association reactions (around 10 to 20 kcal/
mol) are higher than the reported values for diffusion-limited
reactions in water (around4 to5 kcal/mol) (45). Therefore,
we conclude that Ly49/m157 binding is activation energy-con-
trolled with the formation of a transition state that implies a
substantial energy barrier. In addition, the constants ka1 and kd1
corresponding to the conformational change equilibrium are
3 P. N. Romasanta, L. M. Curto, N. Urtasun, M. B. Sarratea, S. Chiappini, M. V.
Miranda, J. M. Delfino, R. A. Mariuzza, M. M. Ferna´ndez, and E. L. Malchiodi,
unpublished results.
FIGURE 9. Sensorgrams for Ly49/m157 interactions at different temperatures. Sensorgrams for the Ly49H/m157 and for Ly49I/m157 interactions at 5, 10,
15, 25, and30 °Care shown.On the sideof each sensorgram, the totalm157molar concentration assayed is indicated.Black lines indicate the fitted curvesusing
numerical integration with BIAevaluation 4.1 software from the differential equations of model D. The kinetic rate constants and macroscopic sequential
equilibrium constants are shown in Tables 2 and 3, respectively, for the Ly49H/m157 and Ly49I/m157 pairs. R, response.
TABLE 2
Ly49H/m157 and Ly49I/m157 kinetic rate constants estimated from the SPR kinetic analysis with model D at different temperatures
T ka1 105 kd1 103 ka2 103 kd2 ka3 105 kd3 103
°C s1 s1 M1 s1 s1 M1 s1 s1
Ly49H/m157
5 510 20 0.02 0.01 2.8 0.1 0.130 0.003 0.52 0.01 3.69 0.09
10 0.02 0.01 13 1 10.7 0.2 0.97 0.08 6.8 0.5 2.56 0.04
15 0.653 0.008 12 5 58 3 0.99 0.07 52 3 107 11
25 0.4 0.1 18 1 6.99 0.08 1.58 0.02 16.1 0.2 5.63 0.05
30 0.3 0.1 10.2 0.7 24.5 0.3 0.0159 0.0009 30.5 0.9 8.9 0.8
Ly49I/m157
5 59 5 0.6 0.3 12.4 0.5 0.176 0.004 0.312 0.007 0.12 0.01
10 20 10 12 3 26.2 0.2 0.43 0.03 43 3 2.60 0.07
15 0.9 0.3 10.4 0.5 68 3 4.14 0.06 4.4 0.2 3.05 0.06
25 180 60 0.0266 0.0004 16.8 0.1 0.396 0.002 2.65 0.02 2.01 0.02
30 740 10 0.0100 0.0007 4.28 0.07 0.00093 0.00006 0.04 0.02 0.04 0.02
TABLE 3
Ly49H/m157 and Ly49I/m157 binding equilibrium constants esti-
mated from the SPR kinetic analysis withmodel D at different temper-
atures calculated as KA ka/kd
T KA1 KA2 104 KA3 108
°C M1 M1
Ly49H/m157
5 330 40 2.2 0.1 0.140 0.001
10 (1 1)	 105 1.1 0.1 2.7 0.2
15 (6 2)	 104 5.9 0.7 0.49 0.08
25 (2.4 0.9)	 104 0.44 0.01 2.86 0.06
30 (3 2)	 104 15 1 3.4 0.4
Ly49I/m157
5 1.0 0.6 7.0 0.4 2.5 0.3
10 0.02 0.01 6.1 0.5 17 2
15 (8 3)	 104 1.6 0.1 1.4 0.1
25 70 20 4.25 0.05 1.32 0.02
30 740 60 460 30 1 1
FIGURE 10. Eyring analysis using kinetic rate constants at different tem-
peratures. Eyring analysis using the kinetic rate constants obtained after
applying model D to the SPR data for the Ly49H/m157 (A) and Ly49I/m157
interactions (B) is shown. The Eyring equationwas fitted to experimental data
points at 25 °C to obtain the thermodynamic activation parameters Ho
‡,
So
‡, and Cpo
‡ (supplemental Table S3). Filled circles indicate association
data, and empty circles indicate dissociation data. Error bars represent S.D.
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105 and 103 s1, respectively. This indicates that the equi-
librium is displaced to the backfolded Ly49 form when there is
no ligand (KA1 102), an observation in agreement with crys-
tallographic studies of Ly49 (21).
In examining the rate constants that describe the binding of
the first and second m157 to the extended states of Ly49H and
Ly49I, we found the relationships ka3 ka2 and kd3 kd2, which
make KA3 KA2. Thus, the Ly49*/(m157)2 complex forms faster
and dissociates more slowly than the Ly49*/m157 complex. This
difference can be explained by assuming that the step describing
the interaction of the first m157 is influenced and conditioned by
the first conformational equilibrium, effectively slowing down the
binding of the first ligand. The global rate-limiting energy barrier
must be overcome when the first m157 is added (Fig. 11A). The
high dissociation rate kd2 could be due to the presence of very
unstable species of the type Ly49/m157 (m157 bound to the back-
folded state), which dissociates rapidly. In addition, the Ly49*/
m157 species has a stability very similar to the transition state (Fig.
11A), making dissociation a more frequent event. The observed
increase in the association rate for the second m157 may be
explained by the availability of the second site once Ly49 adopts
the extended conformation. The dissociation rate kd3 is slower
than kd2 due to the high stability of the final complex Ly49*/
(m157)2 (G0 between10 and20 kcal/mol).
The free activation energy landscapes in Fig. 11A may be
deconvoluted into enthalpic (Fig. 11B) and entropic (Fig. 11C)
components. An enthalpic barrier (positive Ho‡) of 40–50
kcal/mol must be overcome to achieve the extended form of
Ly49 (Fig. 11B), indicating that the conformational transition
requires energy to break hydrogen bonds and other contacts
between water molecules and amino acid residues and among
residues themselves. Indeed, in the crystal structure of back-
folded Ly49, the stalk regionmakes numerous contactswith the
NKDs that would be lost upon extension (21). However, this
step has a favorable entropy (positive TSo‡) (Fig. 11C), which
acts as a driving force for the reaction, implying greater flexibil-
ity of the extended compared with the backfolded conforma-
tions. TheCpo‡ value for the transition from the backfolded to
the extended form is positive (2 kcal/mol), suggesting solvent
exposure of hydrophobic surfaces (46–48), a picture consistent
with the available structural data (21). By contrast, the binding
of the first and second m157 ligands to the extended form of
Ly49 is characterized by a favorable enthalpy (negative Ho‡),
unfavorable entropy (negative TSo‡) (Fig. 11, B and C), and
negative Cpo‡, indicating formation of productive contacts
between Ly49 and m157, decreased flexibility, and burial of
hydrophobic surface at the complex interface.
We have shown that Ly49 NK receptors bind m157 by a
mechanism involving positive cooperativity and conforma-
tional selection and that this mechanism correlates well with
the available crystal structures. In addition, we have shown that
inhibitory and activating Ly49s use the same mechanism to
bind m157. Therefore, differences in signaling are due entirely
to differences in the cytoplasmic domains of Ly49s whereby
inhibitory Ly49s transduce signals via immunoreceptor tyro-
sine-based inhibitory motifs, whereas activating Ly49s instead
use the signaling homodimer DAP12.
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